The mitochondrial oxidative phosphorylation (OXPHOS) system, which is based on the presence of five protein complexes, is in the very center of cellular ATP production. Complexes I to IV are components of the respiratory electron transport chain that drives proton translocation across the inner mitochondrial membrane. The resulting proton gradient is used by complex V (the ATP synthase complex) for the phosphorylation of ADP. Occurrence of complexes I to V is highly conserved in eukaryotes, with exceptions being restricted to unicellular parasites that take up energy-rich compounds from their hosts. Here we present biochemical evidence that the European mistletoe (Viscum album), an obligate semi-parasite living on branches of trees, has a highly unusual OXPHOS system. V. album mitochondria completely lack complex I and have greatly reduced amounts of complexes II and V. At the same time, the complexes III and IV form remarkably stable respiratory supercomplexes. Furthermore, complexome profiling revealed the presence of 150 kDa complexes that include type II NAD(P)H dehydrogenases and an alternative oxidase. Although the absence of complex I genes in mitochondrial genomes of mistletoe species has recently been reported, this is the first biochemical proof that these genes have not been transferred to the nuclear genome and that this respiratory complex indeed is not assembled. As a consequence, the whole respiratory chain is remodeled. Our results demonstrate that, in the context of parasitism, multicellular life can cope with lack of one of the OXPHOS complexes and give new insights into the life strategy of mistletoe species.
In Brief
Complex I is considered to be an essential component of the respiratory chain of all multicellular eukaryotes. Senkler et al. show that the European mistletoe, a semiparasitic flowering plant, lacks complex I. As a consequence, the respiratory chain is rearranged. It is composed of stable III+IV supercomplexes and alternative oxidoreductases.
INTRODUCTION
The mitochondrial electron transport chain can be biochemically divided into four functional segments, which represent protein complexes (reviewed in [1] ). Complex I transfers electrons from NADH to ubiquinone, complex II from succinate to ubiquinone, complex III from ubiquinol to cytochrome c, and complex IV from cytochrome c to molecular oxygen [2] . Together with the ATP synthase complex (complex V), complexes I to IV constitute the oxidative phosphorylation (OXPHOS) system. The physiology of all five complexes has received considerable attention (reviewed in [2] ). It meanwhile has become clear that the OXPHOS complexes can form defined supramolecular assemblies designated respiratory supercomplexes [3] [4] [5] [6] .
Due to its central importance for ATP production, the mitochondrial OXPHOS system is highly conserved in eukaryotes. Only a few species have a reduced OXPHOS system, and all of them are unicellular organisms (reviewed in [7] ). Some species of the Microsporidia clade, which are spore-forming unicellular parasites, completely lack an OXPHOS system [8] . These organisms are able to acquire ATP from their host cells [9] . Furthermore, some dinoflagellates and chromerids have a degenerated respiratory chain [10] . In the latter clade, several species simultaneously lack complexes I and III [11] . Finally, complex I is absent in yeast and some other Saccharomycotina species [8, [12] [13] [14] [15] . Alternative oxidoreductases can replace the classical oxidoreductase complexes, like type II NADH dehydrogenases or the alternative oxidase (AOX). However, since these enzymes do not couple electron transport and proton translocation across the inner mitochondrial membrane, they do not contribute to mitochondrial ATP formation. Plants possess a complete OXPHOS system (complexes I to V) and, in addition, alternative oxidoreductases involved in respiratory electron transport [16, 17] . The alternative oxidoreductases are considered to keep the redox system of the plant cell in a balance, which is especially relevant at high light and other stress conditions. It is probably due to the presence of these extra enzymes that some mutant plant lines can survive without complex I, but their development is dramatically disturbed [18] [19] [20] [21] [22] .
Recently, the mitochondrial genomes of mistletoe species were characterized and found to be surprisingly divergent with respect to the mitogenomes of other angiosperms [23] [24] [25] . Several mistletoe species are obligate hemiparasitic plants that live on branches of trees and absorb water, nutrients, and organic compounds from their hosts. Parasitic life style has implications on cellular respiration. All investigated Viscum species lack mitochondrial genes encoding subunits of complex I [23] [24] [25] . In most angiosperms, nine subunits of complex I are encoded by the mitochondrial genome (ND1, ND2, ND3, ND4, ND4L, ND5, ND6, ND7, and ND9), and another $40 subunits are nuclear encoded, translated in the cytoplasm, and posttranslationally transported into the organelles [26] . It has been discussed that presence of a functionally active complex I in mistletoe species would require the transfer of a whole set of mitochondrial genes to the nucleus [24] . However, such a scenario never has been found in any other Eukarya species. It therefore was speculated that Viscum mitochondria lack complex I [25] . This, however, also has not been described before for any multicellular Eukarya species. Furthermore, Petersen et al. [24] present evidence that Viscum mitochondria also lack functional genes encoding subunits of the complexes II and V. This basically would indicate respiratory deficiency of the species. However, careful re-annotation of the mitochondrial genome of V. album revealed evidence for the presence of a full set of functional complex II to V genes [25] .
We here report a biochemical and proteomic study to define the OXPHOS system of V. album. Systematic analysis of mitochondrial protein complexes by blue native PAGE (BN-PAGE) combined with mass spectrometry (MS) allowed identification of complexes II, III, IV, and V. Complexes III and IV form remarkably stable supercomplexes of III 2 IV 1 and III 2 IV 2 composition. The ATP synthase complex is of very low abundance, and ATP synthase dimers could not be detected. Consequently, cristae formation is low in V. album mitochondria as shown by electron microscopy (EM) analyses. Complexome profiling revealed presence of numerous alternative NAD(P)H dehydrogenases and AOX. Our data indicate that V. album has a very reduced but functional OXPHOS system with unique features.
RESULTS AND DISCUSSION
Mistletoes (V. album) were harvested from local trees in the Herrenhausen Gardens (Hannover, Germany) in summer 2017. Typical plants have a diameter of about 80 cm ( Figures 1A-1C ). EM analyses of ultra-thin leaf sections were carried out to investigate the subcellular organization of V. album cells ( Figures 1D and 1E ). Mitochondria are of roundish to elongated shape and include comparatively few cristae. Mature leaves were used for mitochondrial preparations. However, standard protocols for isolating mitochondria from plants were not suitable for V. album. This most likely is due to the high content of secondary compounds of V. album, which form viscous aggregates, not only in biochemical fractions of the white berries, but also in fractions from leaves. A method for preparing V. album mitochondria has been developed and is given in the STAR Methods section. Evaluation of quantitative peptide identification data revealed good purity (see below).
V. album Mitochondria Exhibit an Unusual Composition of Protein Complexes
Mitochondrial protein complexes from V. album were next analyzed by BN-PAGE (Figure 2 ). Several protein complexes are visible in the 400-900 kDa range. Molecular masses of the protein complexes clearly differ from those of the model plant Arabidopsis. 2D SDS-PAGE was carried out to identify the protein complexes based on their subunit compositions ( Figure 3) . Like in Arabidopsis, V. album mitochondria contain dimeric complex III (500 kDa), as well as monomeric complex IV (200 kDa). Furthermore, two abundant 700 and 900 kDa complexes are visible that are absent in Arabidopsis. Both include the subunits of complexes III and IV. Subunits of complex IV are more abundant in the 900 kDa complex compared to the 700 kDa complex. We conclude that both complexes represent supercomplexes of dimeric complex III plus one or two copies of monomeric complex IV. These supercomplexes have not been detected in Arabidopsis, but some low amounts are present in potato tuber mitochondria [29] . In contrast, III+IV 1-2 supercomplexes are abundant in yeast and mammalian mitochondria ([30] ; Figure S1 ). Complex I and complex I-including supercomplexes are not present in V. album. Furthermore, the ATP synthase (complex V) and succinate dehydrogenase (complex II) could not be identified by visual inspection of the 2D BN/SDS gels ( Figure 3) .
A 2D Reference Map of Mitochondrial Proteins in V. album To search for protein complexes of lower abundance, 170 spots of the 2D BN/SDS gel were analyzed by MS ( Figure S2A ). Data evaluation using the Arabidopsis TAIR10 protein database (https://www.arabidopsis.org/) allowed us to identify 1,245 proteins overall in the 170 spots (427 unique proteins; Data S1). On average, only few peptides per protein were identified, reflecting the high sequence divergence between Viscum and other groups of angiosperms [25] . Furthermore, MS data were evaluated using Viscum protein sequence data available at NCBI (https://www.ncbi.nlm.nih.gov/) ( Figure S2B ; Data S2). MS data were also evaluated using the UniProt all plants database (http://www.uniprot.org/). However, usage of this database did not allow additional protein identifications compared to TAIR10 evaluation (data not shown). Protein identification data are summarized in Figure 4 . A 2D GelMap has been created and is accessible at https://gelmap.de/1327. Most identified proteins are assigned to the mitochondrial compartment, but some chloroplast and peroxisomal proteins were also found.
Unique Composition of the Respiratory Chain in V. album Mitochondria Our MS data reveal the absence of complex I but the presence of complexes II to V in V. album. However, complexes II and V are of low abundance. Subunits of complex V run at about 670 kDa in close proximity to the 700 kDa III 2 +IV 1 supercomplex on the 2D gels ( Figure 4) . Additionally, subunits of the F 1 and F 0 subcomplexes of complex V run in the 300-350 kDa range. Subunits of complex II were identified at 100-200 kDa on the 2D gels (Figure 4) . Six different alternative dehydrogenases were identified on the V. album GelMap (https://gelmap.de/1327; Data S1), including peptides identical to the AOX2, NDA1, NDA2, NDB2, NDB3, and NDC1 proteins of Arabidopsis. This indicates presence of numerous alternative electron transport pathways. However, the alternative enzymes do not contribute to the proton gradient across the inner mitochondrial membrane as their electron transport reactions are not coupled to proton translocation. The 2D gels were Coomassie stained. The corresponding stripes of the first gel dimension (BN-PAGE) are given above the 2D gels. Identities and molecular masses (in kDa) of protein complexes are given above the 1D gel stripes. At, A. thaliana; Va, V. album. Designations: I, complex I; V, complex V; III 2 , dimeric complex III; F 1 , F 1 part of complex V; IV, complex IV; II, complex II; I+III 2 , supercomplex composed of complex I and dimeric complex III; III 2 +IV 1/2 , supercomplexes composed of dimeric complex III and either one or two copies of monomeric complex IV. Visible subunits of complex III 2 are encircled in red, complex IV subunits in orange, and complex II subunits in green. In V. album, complex II subunits are not visible (green box). Note that complex II has seven to eight subunits in plants [27, 28] . A comparison of mitochondrial protein complexes from V. album and yeast is presented in Figure S1 .
Finally, a large number of enzymes of the central mitochondrial metabolism were identified, such as all eight enzymes of the citric acid cycle, several members of the mitochondrial metabolite carrier family, subunits of the glycine dehydrogenase complex, heat stress proteins, and several others ( Figure S3 ; GelMap at https://gelmap.de/1327). Interestingly, besides the absence of complex I, proteins of the functional category ''Nucleic Acid Biosynthesis and Processing'' are also much reduced in V. album in comparison to A. thaliana ( Figure S3 ). This probably reflects that many proteins involved in the splicing and editing of complex I transcripts are no longer necessary in the absence of complex I.
The Alternative Oxidoreductases Form Part of 150 kDa Complexes A complexome profiling approach was next employed to obtain even deeper insights into the V. album mitochondrial proteome.
For complexome profiling, a stripe of a 1D BN gel is dissected into 50-70 equal-sized gel slices that all are analyzed by highly sensitive label-free shotgun proteomics [32, 33] . For V. album mitochondria, 54 gel slices were produced ( Figure 5A ). Using the TAIR10 protein database for data evaluation, overall 13.468 peptides were identified in the 54 gel slices (Data S3), allowing us to assign on average 142 proteins per gel slice (Figure S4A ). The overall number of unique proteins was 477, and on average, the proteins were identified and quantified in 8.8 different gel slices. The purity of our mitochondrial preparation was assessed by assigning peptide intensities to subcellular compartments based on information at the Subcellular Localization Database for Arabidopsis Proteins (http://suba.live/). The mitochondrial fraction is highly enriched in mitochondrial proteins, but it also includes plastidial and peroxisomal proteins (21/7%). In contrast, hardly any proteins localized in the nucleus were found (>1%) (Data S3). Abundance profiles for all 477 
. GelMap of Mitochondrial Proteins from Viscum album
The image is a screenshot from the GelMap portal (https://gelmap.de/1327). Proteins were separated by 2D BN (horizontal gel dimension)/SDS (vertical gel dimension)-PAGE. Numbers above and to the left of the gel indicate the masses of standard proteins in kDa. Proteins identified by MS are encircled. MS data were (1) evaluated using the TAIR10 database (https://www.arabidopsis.org) (spots encircled in black; see detailed gel image in Figure S2A which includes spot numbers; see corresponding MS data in Data S1) and (2) evaluated using Viscum protein sequences from NCBI (https://www.ncbi.nlm.nih.gov/) (spots encircled in colors; see detailed gel image in Figure S2B , which includes spot numbers; see corresponding MS data in Data S2). The identities of subunits of OXPHOS complexes as determined by (2) are indicated (cob, cytochrome b subunit of complex III; cox I, II, and III, subunits 1, 2, and 3 of complex IV; atp1, 4, 6, and 9, subunits a, b, ATP6, and ATP9 of complex V; sdh4, subunit 4 of complex II). At the GelMap portal (https://gelmap.de/1327), MS results can be directly accessed by clicking onto spots. Furthermore, all identified proteins are assigned to functional categories. Functional categories are displayed to the right of the gel image. Upon clicking a category, all protein spots that include proteins of the category are labeled. The number behind the categories indicates the number of included proteins. The GelMap portal has been introduced previously [31] . Shares of functional categories in V. album and Arabidopsis are compared in Figure S3 . In the frame of the GelMap project, we identified one peptide of a complex I subunit (subunit B15) in a low-molecular-mass region of the native gel dimension. This indicates that single nuclear encoded subunits of complex I still might be synthesized but cannot assemble into a protein complex because several (most?) subunits of complex I are not made.
proteins along the 1D BN gel stripe were used for generating a heatmap. Profiles were aligned according to similarity by hierarchical clustering using the NOVA software. Subunits of protein complexes cluster on the resulting map ( Figure S4B ). With respect to the OXPHOS system, complexome profiling confirms presence of III 2 +IV 1-2 supercomplexes at 900 and 700 kDa, ATP synthase at 670 kDa, dimeric complex III at 500 kDa, monomeric complex IV at 200 kDa, and complex II in the 100-200 kDa range ( Figures 5B and 5C ). Protein complexes including AOX and alternative NAD(P)H dehydrogenases were identified in the 150 kDa region. Many further complexes are present in our dataset and can be accessed at https:// complexomemap.de/Va.
Conclusions on the Energy Metabolism of V. album
We conclude that V. album mitochondria have a very special OXPHOS system. They lack complex I and have remarkably stable III+IV supercomplexes, low abundant complexes II and V, and numerous alternative oxidoreductases ( Figure 6 ). In contrast, the protein complex composition of V. album chloroplasts is very similar to the one reported for Arabidopsis and other higher plants ( Figure S5 ). Using densitometric gel evaluations, the stoichiometry and abundances of the mitochondrial complexes were compared between V. album and Arabidopsis.
More than 80% of the complexes III and IV form part of the III 2 +IV 1-2 supercomplexes in V. album. Complexes III and IV are comparatively abundant in V. album but are still of reduced amount compared to Arabidopsis ( Figure S6 ). The amount of complex V is clearly reduced in V. album. This is especially evident when comparing the OXPHOS systems between V. album and yeast ( Figure S1 ). However, the ratios of the OXPHOS complexes might differ in other organs and developmental stages of V. album, which should be addressed by future investigations.
Our data indicate sharply reduced ATP formation in the mitochondria of V. album: (1) complex I is absent, (2) alternative oxidoreductases are present (but do not contribute to the proton gradient), and (3) complex V is of very low abundance and dimers could not be detected. Dimerization of complex V has been reported to be one of the key processes for cristae formation in mitochondria [35] . Indeed, occurrence of cristae is not very prominent in V. album ( Figures 1D and 1E ) if compared to other plants (see, e.g., [36] for reference), which also indicates reduced formation of ATP. Nevertheless, the OXPHOS system of V. album is very likely functional. Electron entry into the respiratory chain can take place via alternative oxidoreductases and remaining complex II. Presence of stable III-IV supercomplexes should promote efficient transfer of electrons from ubiquinol to molecular oxygen as discussed before [4, 5] . This part of the respiratory chain is coupled to proton translocation. The resulting proton gradient can be used by the ATP synthase complex for phosphorylating ADP. Additionally, the proton gradient can drive transport processes across the inner mitochondrial membrane to maintain other mitochondrial functions. Indeed, central mitochondrial metabolism is very likely functional in V. album, as all essential enzymes have been detected.
Our data point to a comparatively low requirement of mitochondrial ATP in V. album cells. Sucrose biosynthesis in the cytoplasm from triose-phosphate provided by the Calvin cycle is one of the main processes that depends on mitochondrial ATP in plants. The requirement of sucrose biosynthesis might be low in V. album due to its low growth rate and absence of a root system, which would need provision of sucrose from leaves. During evolution, this constellation might have promoted reduction of the respiratory chain. Due to its very large size, biosynthesis of complex I is especially expensive. Additionally, reduced formation of mitochondrial ATP might be partially compensated by increased ATP production via photophosphorylation or ATP producing processes in the cytoplasm. Alternatively, V. album might be supplied by the host plant not only with water and minerals, but also with assimilates. Other developmental stages of V. album should be investigated to obtain comprehensive information of mitochondrial functions in this and related species. Our study provides insights into energy metabolism in V. album leaves, but the understanding of the mistletoe mode of parasitism still is not complete.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mistletoes (Viscum album; also called European mistletoe) were taken from maple trees in a local garden (The Herrenhausen Gardens in Hannover/Germany, https://www.hannover.de/Herrenhausen/Herrenh€ auser-G€ arten) in July 2017. Wild-type Arabidopsis cells (Columbia 0) were cultivated in 500 mL Erlenmeyer flasks at 24 C and continuous movement (shaker, 100 rpm). The flasks initially contained 1.5 g Arabidopsis cells in 100 mL medium (3% (w/v) sucrose, 0.01% (w/v) 2,4-D, 0.001% (w/v) kinetin, 0.316% (w/v) Gamborg B5 medium). Arabidopsis cells were transferred into fresh medium weekly.
METHOD DETAILS Transmission Electron Microscopy
A fresh Viscum album leaf was cut into 1 mm pieces and fixed in 150 mM HEPES, pH 7.35, containing 1.5% formaldehyde and 1.5% glutaraldehyde. After washing in water, samples were incubated 2 hr in an aqueous solution of 1% OsO 4 containing 1.5% hexacyanoferrat II, washed in water and stored in 1% aqueous uranyl acetate overnight. After washing in water and dehydration in acetone, samples were embedded in Low Viscosity Resin (Agar Scientific, Essex, UK). 60 nm ultrathin sections were mounted on formvar-coated copper grids, poststained with uranyl acetate and lead citrate [40] and observed in a Morgagni TEM (FEI). Images were taken with a side mounted Veleta CCD camera. REAGENT 
Mitochondria isolations
Leaves from Viscum album (200 g) were used as starting material for mitochondria isolations. All following steps were carried out at 4 C. Homogenization of leaves was performed in grinding buffer (0.3 M sucrose, 60 mM TES, 2 mM EDTA, 10 mM KH 2 PO 4 , 25 mM tetrasodium pyrophosphate, 1 mM glycine, 1% (w/v) polyvinylpyrrolidone-40, 1% BSA, 50 mM sodium ascorbate, 20 mM cysteine, pH 8.0 [KOH]) using a Waring blender (three homogenization pulses of 7 s, in between 60 s breaks, respectively). The homogenate was filtered through a single layer of Miracloth. Remaining leaf material was ground a second time in grinding buffer (see above) using mortar, pistil and quartz sand for 10 min. The second homogenate was also filtered through a single layer of Miracloth. Suspensions of the first and second homogenizations were combined. The isolation of Viscum album mitochondria followed a method for preparing mitochondria from Arabidopsis leaves ([41], Method B) with modifications: The Viscum album leaf suspension was centrifuged twice at 2,500 g and 4 C for 5 min (the pellets were discarded, respectively) and afterward centrifuged once at 15,000 g at 4 C for 15 min for pelletizing the mitochondria. After all centrifugation steps, whitish-viscous aggregates visible in the suspensions were removed using a Pasteur pipette. The final pellet was resuspended in 12 mL wash buffer (0.3 M sucrose, 10 mM TES, 10 mM KH 2 PO 4 , pH 7.5 [KOH]), homogenized by two gentle strokes in a 15 mL Dounce Homogenizator, and finally distributed onto 12 Percoll gradients (prepared with gradient buffer: 0.6 M sucrose, 20 mM TES, 2 mM EDTA, 20 mM KH 2 PO 4 , 2 mM glycine, pH 7.5 [KOH]; method according to [40] ; each gradient had a volume of 19 mL; Percoll to buffer ratio was 1 to 3). Percoll gradient centrifugation was carried out at 10,000 g and 4 C for 30 min with minimal acceleration and deceleration speeds. As a result, chloroplasts form a band in the upper half of gradients whereas mitochondria constitute a faint white-brownish band below. The chloroplast and mitochondrial bands were carefully removed. Further washing steps (at least three) were performed in wash buffer at 17,200 g for 20 min as described in [41] . Purified mitochondria and chloroplasts were resuspended in wash buffer (final protein concentration: 10 mg/mL) and divided into aliquots à 100 mL. Aliquots were either directly used for bioanalytical investigations or shock frozen by liquid nitrogen and stored at À80 C. Mitochondria from Arabidopsis thaliana cell culture were isolated as described previously [42] . All steps were performed at 4 C or on ice. Suspension cell cultures were harvested through a sieve. Cells were suspended in disruption buffer (450 mM sucrose, 15 mM MOPS, 1.5 mM EGTA, 60% (w/v) PVP40, pH 7.4; added directly before use: 20% (w/v) BSA, 10 mM sodium ascorbate, 10 mM cysteine, 0.2 mM PMSF), with a concentration of 2 mL / g fresh weight and mixed in a waring blender (1x 15 s at high speed, 2x 15 s at medium speed, 30 s break in between). The homogenized cells were then centrifuged at 2,700 g for 5 min and the supernatant was centrifuged a second time (same conditions). The supernatant was then centrifuged at 8,300 g for 5 min and the resulting supernatant was used for mitochondria pelleting (17,000 g for 10 min). Mitochondria were suspended in washing buffer (0.3 M sucrose, 10 mM MOPS, 1 mM EGTA, pH 7.2) (volume depends on capacity of ultracentrifugation tubes) and carefully treated with two strokes in a Teflon homogenizer. The suspension was loaded onto discontinuous percoll gradients (18%, 23% and 40% percoll in gradient buffer (0.3 M sucrose, 10 mM MOPS, pH 7.2)) for ultracentrifugation (70,000 g for 90 min). After centrifugation, mitochondria can be removed from the 23% -40% interphase with a Pasteur pipette. To remove percoll, the mitochondria were washed at least two times in resuspension buffer (0.4 M mannitol, 1 mM EGTA, 10 mM tricine, pH 7.2) (centrifugation at 14,500 g for 10 min). Finally, mitochondria were suspended in resuspension buffer at a concentration of 0.1 g/mL fresh weight and either directly used for gel electrophoresis or frozen at À80 C in aliquots of 100 mL.
Gel electrophoresis procedures
Protein complexes of Viscum album and Arabidopsis thaliana mitochondria were analyzed by 1D Blue native (BN) polyacrylamide gelelectrophoresis (PAGE). For this, a gradient gel (16 3 16 3 0.15 cm) was poured using a gradient mixer MX40 with 2 chambers filled with the following solutions: Front chamber: 4.5% (v/v) acrylamide in gel buffer BN (250 mM ACA, 25 mM Bis-Tris, pH 7.0); back chamber: 16% (v/v) acrylamide, 19% (v/v) glycerol in gel buffer BN. After polymerization of the gradient gel, a sample gel (gel buffer BN, 4% acryl amide) was poured on top (leading to a total gel size of 19 3 16 3 0.15 cm) using a comp for ten sample pockets. Wash buffer was removed from mitochondrial/chloroplast samples by centrifugation and proteins were dissolved from organelles using solubilization buffer (30 mM HEPES, 150 mM potassium acetate, 10% glycerol, 5% digitonin, pH 7.4) using 100 mL per 10 mg mitochondrial protein. After 10 min incubation on ice, membrane aggregates and other insoluble materials were removed by centrifugation for 10 min at 18,300 g. Afterward, Coomassie blue was added to the sample to a final concentration of 1% (w/v). The Blue native PAGE was run using the following buffers: Anode buffer: 50 mM Bis-Tris pH 7.0; Cathode buffer: 50 mM Tricine, 15 mM Bis-Tris, 0.02% Coomassie, pH 7.0. Electrophoresis was carried out in two steps: i) maximum 100 V (current was set to 15 mA) for 45 min, ii) maximum 15 mA (voltage was set to 500 V) for 11 hr. The gel was either fixed and Coomassie-colloidal stained (fixing: 15% ethanol, 10% acetic acid, incubation for 2 hr, staining: 5% (w/v) Coomassie in 2% (w/v) ortho phosphoric acid, 10% (w/v) ammonia sulfate, incubation overnight) or used for a second dimension SDS-PAGE. Protocols for 1D Blue native and 2D Blue native / SDS-PAGE were taken from [43] . Protein complexes and proteins separated on the 1D and 2D gels were made visible by Coomassie colloidal staining (see above) as described in [44] . Quantifications of proteins on gels were performed by densitometric analyses using the ImageJ software tool [45] .
Generation of a GelMap
For the generation of a GelMap for Viscum album mitochondria, protein spots from a two-dimensional Blue native / SDS gel were picked using a manual spot picker (GelPal, Genetix, diameter 1.4 mm). Proteins included in the spots were carbamidomethylated by consecutive incubation with first 20 mM dithiothreitol (30 min, 56 C) and second 55 mM iodoacetamide (30 min in the dark). After washing in 0.1M ammonium hydrogen carbonate for 15 min, in-gel digestion was carried out over night at 37 C using a prepared trypsin solution (stock solution diluted 1:10 in water; preparation of stock solution: a vial trypsin powder (Promega) was resolved in 100 mL supplied resuspension buffer (Promega) and incubated for 15 min at 30 C; afterward, 900 mL 0.1 M ammonium hydrogen carbonate were added and mixed, stored at À20 C). Between each step, gel pieces were dehydrated with 100% acetonitrile. For extraction of peptides, a 1:1 mix of water and acetonitrile was used, first with 5% formic acid, then twice with 1% formic acid. All extracts were combined and dried. For mass spectrometry (MS) analyses each sample was resuspended in 22 mL sample solution (2% acetonitrile, 0.1% formic acid in water) for 30 min at 37 C. 20mL were transferred into a 96-well plate used as sample table for nano liquid chromatography (nLC). Online nLC -ESI Q ToF (Electrospray Quadrupole Time of Flight) tandem MS analyses were carried out with an Easy nano LC (Thermo scientific) and a micrOTOF Q II (Bruker Daltonics) as described previously [46] . From each sample, 15 mL were transferred to the nLC system, included peptides were first bound onto a precolumn (Thermo Scientific, Proxeon, length = 2 cm, i.d. = 100 mm; ReproSil-Pur C18-AQ, 5 mm, 120 Å ) and additionally separated via an analytical column (length = 10 cm, i.d. = 75 mm; ReproSil-Pur C18-AQ, 3 mm, 120 Å ) using an acetonitrile gradient. For this, solution A (0.1% formic acid in water) and solution B (0.1% formic acid in acetonitrile) were mixed with varying ratios over the time of one LC run: First, 5% B were applied and continuously increased for 10 min until 50% B. After 3 min 50% B it was further increased for 20 min until 95% B and finally reduced within 1 min to 5% B, keeping this for column re-equilibration for again 2 min. For tandem MS, automatic intensity based MS/MS fragmentation of the three most intense peptides and a minimum intensity of 3,000 counts (precursor scan) was applied, with an exclusion of a peptide after 5 fragmentations. For data processing, the DataAnalysis software (Bruker Daltonics) was used. Data evaluation and annotation was carried out with ProteinScape (Bruker Daltonics), using an in-house Mascot server (http://www. matrixscience.com/) for database search.
Three protein databases were used for data evaluation: (i) Dreieich, Germany) was used. 5 mL of each sample were loaded onto a C18 reverse phase trapping column, length 2 cm, ID 75 mm, particle diameter 3 mm, pore size 100 Å (Acclaim PepMap100, Thermo Fisher Scientific, Dreieich, Germany). Subsequently, peptides were separated on a C18 reverse phase analytical column, length 50 cm, ID 75 mm, particle diameter 3 mm, pore size 100 Å (Acclaim PepMap100, Thermo Fisher Scientific, Dreieich, Germany) applying a non-linear 5% 
Mass spectrometry
Eluting peptides were directly transferred to a Nano-Spray-Ionization (NSI) source using stainless steel nano-pore emitters of an Orbitrap Q-Exactive mass spectrometer (Thermo Fisher Scientific, Dreieich, Germany). Spray voltage was set to 2.2 kV, capillary temperature to 275 C and S-lens RF level to 50%. MS/MS spectra (top 10) were recorded from 20 to 80 min with the MS running in positive mode. For full MS scans, the number of microscans was set to 1, resolution to 70000, AGC target to 1e 6 , maximum injection time to 400 ms, number of scan ranges to 1, scan range to 400 to 1600 m/z and the spectrum data type to ''Profile.'' For dd-MS2, the number of microscans was set to 1, resolution to 17500, AGC target to 1e 5 , maximum injection time to 250 ms, loop count to 10, MSX count to 1, isolation window to 3.0 m/z, fixed first mass to 100.0 m/z, NCE to 27 (stepped NCE deactivated) and the spectrum data type to ''Profile.'' The data dependent (dd) settings were set to: Intensity threshold, 4.2e 3 ; apex trigger, 10 to 60 s; charge exclusion, unassigned, 1, 5-8, >8; peptide match, preferred; exclude isotypes, on; dynamic exclusion 45.0 s. 
ADDITIONAL RESOURCES
For subcellular localization of proteins identified in the TAIR10 Arabidopsis protein database, Accession numbers were searched in the SUBA database (subcellular localization database for Arabidopsis proteins) (http://www.suba.live/). The consensus location (SubaCon) integrating all information available for the location of a subunit present in the database was chosen for assignment.
